A textured alumina was fabricated from anisotropic ¡-alumina particles (platelets) by heating at 1650°C for 15 min under applied pressure of 60 MPa using a PECS (Pulse Electric Current Sintering) technique. Subsequently, the thermal conductivity, mechanical properties and dielectric breakdown of the textured alumina were evaluated, are compared to those of conventional polycrystalline alumina and single crystal alumina. The results showed that the thermal conductivity of the textured alumina could be to exhibit almost the same dielectric breakdown as the conventional alumina, that is, the dielectric breakdown was 15 kV/mm and thermal conductivity was 36 W/mK, when the alumina was cut on the vertical plane in the load direction while sintering.
Introduction
Generally, alumina ceramics show relatively high strength, but their fracture toughness is low. So far, it was reported that the mechanical properties of alumina ceramics could be improved if their microtexture is controlled. As a method for fabricating textured alumina ceramics with anisotropic grain growth, for example, Messing et al. added some oxides into starting aluminum oxide gel and then grew alumina grains abnormally in one direction. 1),2) Yoshizawa et al. fabricated textured alumina ceramics by controlling the applied pressure conditions during the sintering process.
3),4) Salem et al. fabricated textured alumina ceramics using an extrusion molding technique and investigated their crack growth resistance. 5) These processes require an additive as a reaction agent, but this reduces thermal conductivity. Then it is not suitable for electronic devices, e.g. insulated gate bipolar transistor (IGBT: one of high-power semiconductor modules used in frequency conversion inverters).
Oxide additive-free, i.e. an alternative fabrication route, was consequently selected for this study, which attempted to fabricate and the textured alumina ceramics from anisotropic grains (platelets) using a Pulse Electric Current Sintering (PECS) technique. This is expected to be essential to avoid degrading the thermal conductivity of the textured alumina ceramics by the formation of the oxide additive-derived grain boundary phases. Subsequently, the dielectric breakdown and thermal conductivity of the textured alumina ceramics were examined, and evaluated by comparing them to those of conventional alumina ceramics and a single crystal alumina. The fracture strength and the fracture toughness of the textured alumina ceramics from the platelets were then also examined, because these mechanical properties are important for the actual design and use of electric devices.
In a previous report, the relationship between the dielectric breakdown and the fracture properties has been studied by Suzuki et al. 6) According to their paper, when this dielectric breakdown is caused by a concentration of the electric field at the tip of a sharp crack-like flaw as well as a stress field concentration in the case of mechanical fracture, a novel electric field intensity factor, M, can be defined by following Eq. (1):
where Y M is the shape parameters of the electric field intensity factor, E 0 is the uniform electric field at infinity (dielectric breakdown at the critical value) and "a" is the regiment size. By the way, the stress intensity factor is well known as follows;
where Y k is the shape parameters of the stress intensity factor, · is stress at infinity and "a" is the crack length. 
According to Eqs. (1), (2) , and (3), the relationship between the electric field intensity factor and the stress intensity factor can be explained as follows;
Thus, high fracture toughness or fracture strength in a ceramic material could lead to a high dielectric breakdown. Therefore, in this study, mechanical properties such as fracture strength and fracture toughness of alumina samples were carefully examined. The grain size, morphology and the number of grain boundaries of alumina samples were also investigated, moreover. Finally, the relationship between the dielectric breakdown and the thermal conductivity of alumina samples from platelets was studied and discussed with a view to enhancing the opportunities for use in electric devices.
Experimental procedure
Anisotropic ¡-alumina particles (platelets) were prepared using the flux method reported by Hashimoto et al. 7) Since alumina platelets have a low sinterability, 10 mass % of fine ¡-alumina particles (TM-D, TAIMEI CHEMICALS Co., Ltd., Japan) was added to the alumina platelets as a sintering additive. A carbon die (diameter: 20 mm) was filled with the powder mixture and sintered using pulse electric current sintering (PECS) equipment (SUMITOMO SEKITAN KOGYO Co. Ltd., Japan) in a vacuum, with heating at 1650°C and pressure at 60 MPa applied. For fabricating conventional alumina samples, on the other hand, ¡-alumina powder (AKP-53, SUMITOMO CHEMICAL Co., Ltd. and TM-D, TAIMEI CHEMICAL Co., Ltd., Japan) compacts were heated at 1350, 1450, and 1550°C for 1 h to fabricate samples with different grain sizes. As a single crystal of alumina, commercial by available sapphire (KYOCERA, Co. Ltd., Japan) was used.
The relative density of the sintered samples was measured by the Archimedes method. The fabricated textured alumina from platelets was cut on the vertical and parallel planes in the load direction while sintering, as shown in Fig. 1 . At this time, the sample which was cut on the vertical plane in the load direction was labeled "PV", while the sample cut on the parallel plane in the load direction was labeled "PP". The surfaces of the PV and PP samples were polished and thermally etched at 1350°C. The samples were then carbon coated and their microstructures were observed using scanning electron microscope equipment (SEM: JSM-5200, JEOL Co. Ltd., Japan), and characterized by measuring the grain size distribution and calculating the average grain size (Intercept Method 8) ) for 200 grains. Here, grain size was calculated by the following Eq. (5);
where L 1 is the longest length of one grain and L 2 is the longest length at 90 degrees for the direction of L 1 in the same grain. Further, the average number of grain boundaries in 1 © 10 ¹3 m was calculated from 50 lines for the PV sample and 25 lines for the PP sample.
In order to analyze the degree of orientation of the textured alumina ceramics from platelets, X-ray diffraction (XRD) measurements were performed on the surface of the PV and PP samples with Cu-K¡ radiation using a diffractometer (model XD-D1 SHIMADZU Co. Ltd., Japan). To examine the degree of the orientation of the anisotropic grains measurement was performed by the Lotgering method; 9)
where P = I(00l)/I(hkl), and P 0 = I 0 (00l)/I 0 (hkl), in which I is the sum of the peak intensities of the XRD patterns on the surface of the PV and PP samples and I 0 is sum of the XRD peak intensities of conventional polycrystalline alumina.
The dielectric breakdown was measured with the specimens in a disk shape with a thickness of 0.3 © 10 ¹3 m and diameter of 1 © 10 ¹2 m. These specimens were immersed in insulating oil (FC-40: SUMITOMO 3M Co. Ltd., Japan). An AC (alternating current) voltage was applied in steps using a high voltage supply (SEKISUI, Co. Ltd., Japan). The dielectric breakdown was determined at the value when the leakage current reached 2 mA.
A 2 © 2 © 10 m ¹9 specimen was cut out of a sintered alumina sample to examine the fracture strength with a threepoint bending strength machine (AUTOGRAPH; AGS-5kND, SHIMAZU Co. Ltd., Japan). This fracture strength test was carried with a span size of 8 mm and a crosshead speed of 0.5 mm/min. Fracture toughness was examined by the SEVNB method. A V-shaped notch with a depth of 1 mm and end curvature radius of 20¯m was processed at the center of the test piece. The fracture toughness was examined using the same machine as for fracture strength and calculated from the equation reported by Wakai et al. 10) The thermal conductivity was calculated by the thermal diffusivity and specific heat measured using laser flash equipment (TC-7000, OPTRONICS Co., Ltd.) based on the JIS R 1611 at room temperature. Specimens in disk shape with a thickness of 1 mm and diameter of 10 mm were used. To stabilize the laser absorption on the surface of the specimens in the specific heat measurement, glassy carbon was attached to them, and to measure the thermal diffusivity, the sampling was performed by spraying carbon powder onto both sides of the specimens.
Results and discussion 3.1 Microstructure
The relative density of the sintered textured alumina samples from platelets was approximately 95%. Figure 2 shows SEM photographs of the starting platelets and the polished and then thermally etched surfaces of the PV and PP samples. According to the micro morphology of the platelets, the particle size ranged from 5 to 10¯m and the aspect ratio changed from 10 to 15. Figure 3 shows the grain size distribution of the PV and PP samples. The average grain sizes of the PV and PP samples were 35 and 12¯m, respectively. As a result, grain growth occurred, retaining the anisotropy of the starting platelets. Figure 4 shows X-ray diffraction patterns of the surfaces of PV and PP samples. The PV and PP samples exhibited large diffraction peaks corresponding to (006) and (110), respectively. From the analysis using the intensity ratio of X-ray diffraction peaks based on the Eq. (2), the degree of orientation of the PV sample was 0.34, and it was confirmed that the sintered body was oriented in the shape of grain. Figure 5 shows changes in the thermal conductivity with the grain size of the alumina samples. According to the results for conventional alumina samples, the thermal conductivity increased with increase in the grain size. In comparison with the ideal line between the thermal conductivity and the grain size of the alumina samples, the PP and PV samples showed relatively high thermal conductivity: 39 and 36 W/mK, respectively. Generally, the thermal conductivity of ceramics is affected by grain size, inclusions and grain boundaries.
Thermal conductivity
11) The higher thermal conductivity of the PP sample was thought to be caused by the longdiameter particles arranged in the heat conductive direction (in the depth of the sample). The relationship between thermal conductivity and the average number of grain boundaries in the heat conductive direction of the samples was consequently studied. The results are shown in Fig. 6 . The number of grain boundaries of the conventional alumina with a grain size of 10¯m was 380 units/mm, while the number of boundaries of the PV and PP samples decreased to 92 and 39 units/mm, respectively. It is known that the thermal conductivity increases with decreases in the number of grain boundaries. 11) As the same results show, the decrease in the number of grain boundaries, particularly in the case of, PP sample, led a higher thermal conductivity.
The PV and PP samples had thermal conductivities exceeding the relationship between the average number of the grain boundaries, moreover, and the thermal conductivity of conventional alumina samples. These higher thermal conductivities of the PV and PP samples were considered to result from the fact that the textured alumina from the platelets have coherent interfaces between the same crystal planes, namely (110) for the PP sample and (006) of PV sample, which lead to higher thermal conductivities, compared to those of normal grain boundaries with random orientations. Figure 7 shows changes in the fracture strength with change in the grain size of the alumina samples. The fracture strength of the alumina samples decreased with increases in grain size. The PP sample, in particular, showed the lowest value of 150 MPa. This low fracture strength was thought to be caused by the presence of residual stress at the grain boundary, which was elongated to the same direction as the induced load and the crack propagation. In addition, a potentially existing crack seems to be elongated along the direction of the longest length of the anisotropic grain, which could serve as an origin of the fracture. The length of the crack could be large compared to those in other alumina samples. On the other hand, the fracture strength of the PV sample showed 340 MPa. This increase in the fracture strength of the PV sample was thought to be caused by the decrease in the length of the potentially existing crack, which would be present at the grain boundaries with the shortest length geometrically. Incidentally, the fracture strength of the single crystal alumina with few defects was 750 MPa. The relationship between fracture strength and grain size, presented in Eq. (7) by Petch et al. 12 ) is as follows:
Mechanical properties
where D is grain size, and ¬ 1 and ¬ 2 are constant. Figure 8 shows the relationship between the grain size: D À 1 2 and the fracture strength of the alumina samples. It was confirmed that the results for the alumina samples were in accordance with Eq. (7). ¬ 1 and ¬ 2 were estimated to be 290 and 250, respectively. It was found however, that the PP sample and the single-crystal sample were not in accordance with the Eq. (7). Further, fracture toughness of the alumina samples is shown in Table 1 . The fracture toughness of the PV sample was the highest among the alumina samples. In previous paper, toughening mechanism of the textured alumina ceramics has been argued. 4) According to the discussion, it can be recognized that the crack propagation of textured alumina is significantly different from that usually observed in conventional alumina ceramics. Specially, the crack propagates not in a straight line but in a zigzag manner. Thus, the usual textured alumina by the development of large anisotropic grains shows high fracture toughness. The fractured surface of this textured alumina ceramics exhibits inter-granular fracture, moreover, and many anisotropic grains and holes are observed where plate-like grains have been extracted. Grain boundary fracture of the anisotropic grain structure them results in a remarkably rugged fracture surface. As a result, this rugged fracture enhances the grain bridging effect, and high fracture toughness is obtained. The rugged intergranular fracture surface has been also observed in the textured alumina in this study, which could contribute to increase the fracture toughness. Figure 9 shows changes in the dielectric breakdown with the grain size of the alumina samples. The dielectric breakdown of the conventional alumina samples decreased with the grain size. The PP sample showed a slightly lower value for dielectric breakdown compared to that of the conventional alumina with the same grain size. On the other hand, the PV sample with 35¯m of grain size showed a higher dielectric breakdown compared to that of the conventional alumina with the same grain size. Generally, an increase in the grain size of a ceramic material increases the size of the potentially existing crack, so that mechanical strength decreases the grain size. Thus, it should be thought that the dielectric breakdown has a good influence on the size of the potentially existing crack, because when the increase of the grain size of the alumina sample, dielectric breakdown decreased. The dielectric breakdown of the single crystal was 50 kV/mm which was the highest among alumina samples, because the defect such as a crack was not present inside the sample.
Dielectric breakdown
In order to clarify the mechanism of this dielectric breakdown, electric field at the surface of the sample before breakdown was also important. According to the paper by Suzuki et al., 6) there is a possibility that a ceramic material with a high fracture toughness could lead to have a high dielectric breakdown. In fact, according to the Table 1 , fracture toughness of the PV sample, was the maximum value 4.2 MPa·m 1/2 . As a result, the dielectric breakdown has a positive influence on the size of the potentially existing crack and its propagation in terms of namely both fracture strength and toughness.
Finally, Fig. 10 shows microphotographs of the PV alumina sample after dielectric breakdown test. A hole in which an electric arc passed was observed. When this dielectric breakdown occurred, the electric arc seemed to have an extremely high temperature, that is higher than the melting point of alumina: 2054°C. Therefore, alumina grains around the hole melted as a result and changed from initial textured-structure instantly, as shown in Fig. 10(b) .
Relationship between dielectric breakdown
and thermal conductivity Figure 11 shows the relationship between the dielectric breakdown and the thermal conductivity of the alumina samples. Dielectric breakdown of the conventional alumina samples decreased with the thermal conductivity. Dielectric breakdown is also important factor in addition to the thermal conductivity when the properties of alumina insulating substrate are designed. It should be noted that a single crystal alumina has a high dielectric breakdown and high thermal conductivity. This was caused by no defect that works as a fracture origin inside the sample. However, single crystal alumina could not be used as an insulated material in cost. Actually, according to the previous experimental results, it was worth noting that the textured alumina samples from platelets have exceeding the relationship between the dielectric breakdown and the thermal conductivity of the conventional alumina. Concretely, the PV sample had a high dielectric breakdown: 15 KV/mm, showing a high thermal conductivity: 36 W/mK. This reason was thought that the PV sample had enough mechanical properties such as fracture strength: 340 MPa and fracture toughness: 4.2 MPa·m 1/2 , as shown in Fig. 7 and Table 1 , although the grain size was not so small: 35¯m, as shown in Fig. 3 . Particularly, the high fracture toughness contributed to increase of the dielectric breakdown. The smaller size of the potentially existing crack and then the crack propagation in a zigzag configuration would have excellent mechanical properties to lead a higher dielectric breakdown. Concerning the thermal conductivity, the grain boundaries between the anisotropic grains in the textured alumina PV sample with the coherent interfaces between the same crystal planes (006) seemed not to have a high barrier of the heat conduction. The number of grain boundaries was not too large numbering, 92 units/mm, as shown in Fig. 6 . Thus, it was concluded that when the textured alumina, easily fabricated from platelets is used for insulating substrates, it will be expected as a certain advantage that both the dielectric breakdown and the thermal conductivity will be higher in comparison with those of the conventional alumina ceramics.
Summary
A textured alumina was obtainable from the platelets with heating to 1650°C under applying pressure of 60 MPa for 15 min using a PECS technique. The thermal conductivity of the textured alumina was improved while maintaining nearly the same dielectric breakdown of the conventional alumina sample due to the anisotropic grain growth. In addition, the textured alumina ceramics showed interesting mechanical properties. Concretely, the fracture strength, fracture toughness, thermal conductivity, and dielectric breakdown were 340 MPa, 4.2 MPa·m 1/2 , 36 W/mK, and 15 KV/mm, respectively, when the textured alumina ceramics was cut on the vertical plane in the load direction while sintering.
